A bout one-third of all proteins exploit specific metal ions to assist in macromolecular folding and͞or function at the active site of metalloenzymes (1). All cells restrict the number of bioavailable metal atoms to avoid any excess that would otherwise compete with native metal ion sites that do not support biological activity (2). Essentially all cell types contain intracellular metal sensors that detect surplus metal ions and control the expression of genes encoding proteins that expel or sequester the extra ions (3). For some metals and some cell types, a complementary set of sensors detect deficiency and regulate genes encoding proteins that acquire more of the required ions (4, 5). It is currently poorly understood how such metal-sensing metalloregulators accurately discriminate between various metal ions.
A bout one-third of all proteins exploit specific metal ions to assist in macromolecular folding and͞or function at the active site of metalloenzymes (1) . All cells restrict the number of bioavailable metal atoms to avoid any excess that would otherwise compete with native metal ion sites that do not support biological activity (2) . Essentially all cell types contain intracellular metal sensors that detect surplus metal ions and control the expression of genes encoding proteins that expel or sequester the extra ions (3) . For some metals and some cell types, a complementary set of sensors detect deficiency and regulate genes encoding proteins that acquire more of the required ions (4, 5) . It is currently poorly understood how such metal-sensing metalloregulators accurately discriminate between various metal ions.
SmtB͞ArsR-family regulators are ubiquitous in bacterial genomes and bind to the operator͞promoter (O͞P) regions of gene(s) encoding proteins involved in metal export or sequestration, repressing transcription (for a review, see ref. 6 ). As the concentration of metal ion increases, the effector-binding sites of the regulators become occupied eliciting a conformational change that weakens the affinity for the O͞P region, allowing transcription to proceed. Members of the SmtB͞ArsR family include: As(III), Sb(III), Bi(III)-responsive ArsR (7), Zn(II)-responsive SmtB (8) , Cd(II), Pb(II), Bi(III)-responsive CadC (9) (10) (11) , Zn(II)-responsive ZiaR (12) , Co(II), Zn(II)-responsive CzrA (13, 14) , and, most recently, Ni(II), Co(II)-responsive NmtR (15) .
Comparative structural and spectroscopic studies of six SmtB͞ ArsR family members reveal that individual members are characterized by one or both of two structurally distinct metal coordination sites (6, 11, (15) (16) (17) (18) (19) (20) . These two metal sites are designated ␣3N (or ␣3) and ␣5 (or ␣5C), named for the location of the metal-binding ligands within the known or predicted secondary structure of individual family members. The coordination environment and precise ligand set of the ␣3, ␣3N, and͞or ␣5, ␣5C sites in the different SmtB͞ArsR proteins differ and are presumed to contribute toward metal selectivity. A sequence comparison for proteins discussed herein is shown in Fig. 1 and highlights these sites.
Here we report insights gained from the study of two additional family members, Staphylococcus aureus CzrA and Mycobacterium tuberculosis NmtR. CzrA and NmtR share 30% sequence identity and a high degree of similarity (60%) yet respond to distinct but partially overlapping metal profiles in vivo. S. aureus CzrA is a Co(II)͞Zn(II)-specific sensor that regulates the expression of the czr operon, which encodes a Co(II)͞ Zn(II)-facilitated pump, CzrB, that effluxes metal out of the cell (13, 14) . Electromobility-shift assays and in vivo expression studies indicate that Zn(II) is the strongest inducer of CzrA regulation, with Co(II) also capable of regulation but only at higher concentrations than Zn(II). Other metals, including Ni(II), have little to no effect on derepression of the czr operon (13, 14) . The situation is precisely opposite for M. tuberculosis NmtR, with Ni(II) the strongest inducer of NmtR-dependent regulation of the nmt operon, which encodes a P-type ATPase metal efflux pump, NmtA (15) . Co(II) is an intermediate inducer, whereas Zn(II) has no effect in vivo on derepression (15) . We make the striking finding here that CzrA and NmtR achieve their distinct metal selectivities of negative regulation of DNA binding in vivo and in vitro largely on the basis of different coordination numbers and geometries, with CzrA forming functional four-coordinate metal complexes, whereas NmtR requires formation of fiveor six-coordinate complexes to effect metalloregulation. against 6 liters of buffer S (10 mM Hepes͞0.1 M NaCl, pH 7.0) with changes every 4 h for a total of 24 h at 4°C. Inspection of overloaded Coomassie-stained Tris-glycine SDS gels was used to estimate the purity to be Ͼ95%. N-terminal sequencing of CzrA and NmtR (five cycles) revealed that both proteins do not possess the expected N-terminal methionine residue. The first five cycles do match the expected N-terminal sequences of CzrA and NmtR after the methionine residue. The concentration of purified CzrA or NmtR was determined by using the calculated molar extinction coefficient at 280 nm of 4,470
Atomic Absorption Spectroscopy. The residual metal content of CzrA and NmtR was determined by using a Perkin-Elmer AAnalyst 700 atomic absorption spectrophotometer operating in flame mode. The total metal content of purified ''metal-free'' proteins was no more than 0.1 mol metal ion per mol protein monomer. For the determination of the concentration of metals used as titrants for optical titrations, each metal was detected by using Zn(II)-, Co(II)-, or Ni(II)-specific hollow cathode lamps. Zn(II) was detected at 213.9 nm (slit width, 0.7 nm), Co(II) at 240.7 nm (slit width, 0.2 nm), and Ni(II) at 232.0 nm (slit width, 0.2 nm).
Analytical Sedimentation Equilibrium Ultracentrifugation. All experiments were run with a Beckman Coulter Optima XL-A analytical ultracentrifuge equipped with an An60 Ti rotor and twochannel 12-mm path length, charcoal-filled Epon Centerpieces, and quartz windows at 235 nm with a rotor speed of 30,000 rpm at 25.0°C. Apo-CzrA and -NmtR samples (5 M) were prepared by dilution into 10 mM Hepes͞0.4 M NaCl͞0.05 mM EDTA, pH 7.0. Co(II), Ni(II), and Zn(II) protein samples were prepared by addition of 1 mol equiv of Co(II), Ni(II), or Zn(II) to the apoprotein in the absence of EDTA. The partial specific volumes () of CzrA and NmtR were calculated to be 0.740 ml͞g Ϫ1 and 0.736 ml͞g Ϫ1 , respectively, using the SEDNTERP program (22) . Sedimentation equilibrium data were fit by using ORIGIN software (Microcal, Northampton, MA) to a single ideal species model and a self-association model of a single ideal species, assuming a monomer-dimer equilibrium characterized by the association constant K dimer , as described (19) . The association constant was converted from absorbance to units of M Ϫ1 by using the calculated extinction coefficients 235 for CzrA and NmtR, respectively, and a path length l ϭ 1.2 cm.
Fluorescence Anisotropy-Based DNA-Binding Experiments. All fluorescence anisotropy experiments were carried out with an SLM 4800 (SLM-Aminco, Urbana, IL) spectrofluorometer operating in the steady-state mode fitted with Glan-Thompson (SLM Instruments, Urbana, IL) polarizers in the L format (11) . The 57-mer double-stranded czr O͞P oligonucleotide (Operon Technologies, Alameda, CA) used was fluorescein-labeled on one 5Ј-end with the sequence given below.
The 48-mer double-stranded nmt O͞P oligonucleotide (Operon Technologies) used was also fluorescein-labeled on one 5Ј-end with the sequence given below.
All experiments were carried out with 40 nM double-stranded DNA in 10 mM Hepes and 0.4 M NaCl (pH 7.0) in a volume of 1.8 ml. Up to 650 l of Ϸ25-35 M apo-, Co(II) 1 -, Ni(II) 1 -, or Zn(II) 1 -protein stocks were added in known aliquots up to a total concentration of Ϸ6 M protein. DNA-binding experiments were performed in the presence and absence of 50 M EDTA for metal-free apo-protein and metal-complexed proteins, respectively. The binding equilibria of metal-complexed CzrA and NmtR were determined for protein titrants prepared 1:1 with metal (i.e., 1 molar equivalent of metal per monomer of protein or 2 molar equivalents per dimer).
Binding isotherms for CzrA were fit by using DYNAFIT (23) to a model involving the sequential binding of five CzrA dimers (P 2 ) to the DNA oligonucleotide (D), each defined by the indicated K i , linked to the monomer-dimer equilibrium established for CzrA (see also ref. 17 ).
In these fits, K dimer was fixed at the value determined by analytical equilibrium ultracentrifugation under identical solution conditions ( Table 1) . The characteristic anisotropies, r i , for each (P 2 ) n ⅐D complex, i.e., r P2⅐D , r (P2)2⅐D , r (P2)3⅐D , and r (P2)4⅐D , were determined from stoichiometric additions of wild-type CzrA to 10 M dsDNA. These were found to be r P2⅐D ϭ 0.121, r (P2)2⅐D ϭ 0.128, r (P2)3⅐D ϭ 0.135, and r (P2)4⅐D ϭ 0.146 relative to a measured anisotropy value for the uncomplexed DNA (r D ) of 0.117 and were treated as fixed parameters in resolution of K i from all fits. If r D in a particular experiment was smaller or larger than r D ϭ 0.117, then the fixed values of r i were adjusted accordingly. The value for r (P2)5⅐D was set to 0.15 in all fits when it was necessary to include it.
Anisotropy data for NmtR were also fit with DYNAFIT (23) to a dissociable dimer model with a 1:1 binding stoichiometry (NmtR dimer to nmt O͞P oligonucleotide) linked to a monomer-dimer equilibrium, i.e., the first two equilibria listed above. The binding isotherms (raw r obs vs.
[NmtR] total ) were fit identical ( * ), residues that are strongly similar (:), and residues that are weakly similar (.) are denoted below the alignment. Secondary structure elements are denoted above the alignment and based on the crystal structure of apo-SmtB (34) and chemical-shift indexing for CzrA (6) . Conserved metal-binding residues located in the ␣5 site are boxed, as are proposed ligands to the ␣3N site in SmtB (C14, H18, C61, D64) (17, 18) .
by using a fixed K dimer derived from sedimentation equilibrium ultracentrifugation experiments (see Table 1 ).
Co(II)-Binding Experiments.
All metal-binding experiments were carried out in buffer S at ambient temperature by using a Hewlett-Packard model 8452A spectrophotometer. Apo-protein (0.8 ml of 150 M) was prepared by dilution with buffer S. Experiments were performed and data were analyzed essentially as described (16) .
X-Ray Absorption Spectroscopy. Ni and Zn x-ray absorption spectroscopy data were collected at 10 K on NmtR and CzrA samples of 1.0-1.6 mM metal at Stanford Synchrotron Radiation Laboratory, beamline 9-3, with the Stanford Positron-Electron Accelerating Ring operating at 3.0 GeV. The beamline used focusing optics and a fully tuned monochromator containing a Si[220] crystal. A 30-element Ge solid-state x-ray fluorescence detector was used for data collection and used Soller slits and a Z-1 fluorescence filter for background rejection. All data collection parameters were as described (16) . Extended x-ray absorption fine structure (EXAFS) analysis was performed with EXAFSPAK software (www-ssrl.slac.stanford.edu͞exafspak. html) according to standard procedures (24) . Multiple scattering models, calculated by using FEFF, version 8.2 (25, 26) , were based on bis(aceto)-bis(imidazole)zinc(II) (27) , tetra(imidazole)zinc(II) (28) , hexakis(imidazole)nickel(II) chloride tetrahydrate (29), as described (30) .
Results
Assembly State of CzrA and NmtR. CzrA and NmtR were subjected to analytical equilibrium sedimentation ultracentrifugation at 5 M protein monomer at pH 7.0, 25°C, and 0.4 M NaCl, solution conditions identical to those used to monitor DNA binding (below). The results of these experiments are presented in Table 1 . The data reveal that both CzrA and NmtR are well described as dissociable homodimers under these conditions, with the magnitude of K dimer generally in the 10 5 M Ϫ1 range for both apo-CzrA and -NmtR. This value is comparable to that previously found for the apo-zinc sensor, SmtB, but Ϸ10-fold less than that for apo-CadC (19) . The magnitude of K dimer in the presence of bound metal is consistently larger than that determined for the apoproteins, but the effect is relatively small (within a factor of two to three). This magnitude of K dimer reveals that the homodimer is not strongly stabilized by metal binding in these proteins.
Allosteric Regulation of czr O͞P-and nmt O͞P-Binding of CzrA and
NmtR, Respectively, by Co(II), Ni(II), and Zn(II). Previously published gel mobility-shift experiments suggested that the addition of exogenously added Co(II) and Zn(II) to preformed apo-CzrA DNA complexes resulted in dissociation of the DNA-bound CzrA, but that addition of Ni(II) did not (13) . In contrast, for NmtR, gel mobility-shift data suggested that the addition of Ni(II) and Co(II) to preformed apo-NmtR DNA complexes resulted in dissociation of the DNA-bound NmtR, but that Zn(II) had little effect at the same concentrations (15) . However, the stoichiometry and affinity of CzrA and NmtR for their specific binding sites, as well as the mode of metalloregulation, could not be determined from those experiments. Fig. 2A shows representative binding experiments carried out with apo-CzrA and a fluorescein-labeled 57-bp DNA oligonucleotide that contains the entire region of the czr O͞P region footprinted by CzrA (13) , under solution conditions of relatively high monovalent salt concentration (pH 7.0, 0.40 M NaCl, 25.0°C). The solid lines through each set of experimental data in Fig. 2 A are nonlinear least-squares fits to the sequential dimer-binding model described in Materials and Methods with K dimer constrained to the values given in Table 1 . The large change in the anisotropy on CzrA binding suggests that CzrA oligomerizes or assembles on the DNA, forming complexes characterized by stoichiometries beyond that of a dimer binding to a single site on the DNA. This finding is consistent with the extensive footprint observed on the czr O͞P (13) . The same features characterize the binding of apo-SmtB to its O͞P DNA (17) . The binding affinity of the first three dimers of CzrA onto the DNA is essentially stoichiometric under these conditions and hence only a lower limit of 5 ϫ 10 To test the effect of regulatory metal ions on the association of CzrA for the fluorescein-labeled czr O͞P region, metal:protein complexes were preformed and titrated into free DNA (12, 14, 15) . range, or Ն1,000-fold reduced relative to apo-CzrA (Fig. 2 A) . Zn(II) CzrA results in even weaker association with the DNA, because only one Zn 2 homodimer associates with an affinity of K 2 ϭ 4.7 (Ϯ0.3) ϫ 10 5 M Ϫ1 or 10 5 -fold lower affinity than apo-CzrA. These findings are in full agreement with previous studies that indicate that Zn(II) and Co(II) specifically and strongly negatively regulate czr O͞P binding, with Zn(II) being the strongest inducer in vivo (13, 14) . K dimer for apo-and metal-bound NmtRs was constrained to an average value determined by analytical ultracentrifugation (Table 1) , with the fits optimized for K 2 and the value for the anisotropy (r max ) of the (NmtR) 2 , a result in qualitative agreement with previous gel mobility-shift assays (15) .
Thus, the ability of metals to allosterically regulate specific O͞P binding by CzrA and NmtR is precisely opposite one another with Zn(II)ϾCo(II)Ͼ ϾNi(II) for CzrA, whereas for NmtR, Ni(II)ϾCo(II)ϾZn(II) in vivo (13, 15) and in vitro. UV-visible electronic and x-ray absorption spectroscopies were used to determine the structural nature of the metal-sensing coordination complexes in each protein. , clearly indicative of tetrahedral or distorted tetrahedral coordination geometry (16) . The spectra of Co(II) SmtB, in which metal is restricted to bind to the ␣5 sites (18) , is essentially identical to that of CzrA although less intense, also indicative of tetrahedral or distorted tetrahedral coordination geometries. In contrast, the low molar absorptivities of both the 1:1 and 2:1 Co(II):NmtR dimer complexes (15) are suggestive of five-or six-coordinate Co(II), rather than four (31). (Fig. 4) . Noticeable differences in the EXAFS arise in the region near k Ϸ 4 Å Ϫ1 . This region is sensitive to variations in highfrequency oscillations that are commonly associated with the multiple-scattering contribution from the outer-shell atoms of the imidazole ring of histidine. An increase in the number of histidine ligands causes splitting of the main peak in this region, also visualized as increased intensity in the high-R region of the FT plot, specifically at Ϸ3 and 4 Å, which is diagnostic for histidine ligation. The absence of a 3-Å peak, in the presence of a 4-Å peak in the FT, has been assigned previously as the result of destructive interference between the outer-shell contributions from carboxylate and histidine ligands (16, 26) . This is most clearly observed in the Zn FTs (Fig. 4) and supports the binding of a carboxylate-containing residue to the metal. The EXAFS is consistent with an increase in imidazole ligation in NmtR and CzrA, relative to SmtB. Another key difference between SmtB and NmtR͞CzrA is the Ϸ2.3-Å shoulder in the main FT peak that appears in Zn(II) SmtB (Fig. 4) . This shoulder arises from the contribution of a first-shell sulfur ligand contributed by cysteine (16) .
X-Ray Absorption
The results of extensive curve-fitting analysis of these samples (Tables 3-6 , which are published as supporting information on (10) . Conditions: pH 7.0, 10 mM Hepes with 100 mM NaCl (for CzrA and SmtB) or 400 mM NaCl (for NmtR).
the PNAS web site, www.pnas.org) are consistent with the observation that NmtR and CzrA have increased contribution from imidazole-containing ligands and no contribution from sulfurcontaining ligands, consistent with the fact that neither CzrA nor NmtR have cysteine residues (Fig. 1) . Best fits for both Ni(II) NmtR and Ni(II) CzrA (Tables 3 and 4 ; Fig. 5 , which is published as supporting information on the PNAS web site) indicate a coordination environment containing three histidine ligands and three other oxygen-or nitrogen-containing ligands (Fits 1 and 2; Table 2 ). The approximate octahedral Ni(II) environment is also supported by the very low intensity of the 1s-3d transition in the preedge region (Fig. 4 Upper Left Inset). Similarly, Zn(II) NmtR and Zn(II) CzrA are best fit (Tables 5 and 6 ; Fig. 6 , which is published as supporting information on the PNAS web site) with three histidine ligands, although in striking contrast to the Ni(II) complexes, the coordination geometry of the Zn(II)-binding site is most likely tetrahedral rather than octahedral (Fits 3 and 4; Table 1 ). This would be consistent with the tetrahedral coordination geometry associated with the Co(II) complex of CzrA, but in contrast to Co(II) NmtR, which clearly adopts a higher coordination number (Fig. 3) than Zn(II) NmtR.
Discussion
The SmtB͞ArsR family of metalloregulators is uniquely characterized by the presence of two metal-binding sites, neither of which is absolutely conserved across the family (6). Some SmtB͞ ArsR members possess only the ␣3N site and others possess just the ␣5 site, whereas some, including cyanobacterial zinc sensors SmtB and ZiaR, appear to possess both. Recent work from our laboratory has defined the coordination environments of the ␣3N and ␣5 metal-binding sites of SmtB (16) (17) (18) (Fig. 1) . These studies reveal that the histidine͞carboxylate-containing ␣5 site is responsible for binding Zn(II) in a tetrahedral coordination complex and allosterically regulating binding of SmtB to the smt operon (17, 18) . The ␣3N site, which contains at least one cysteine thiolate ligand (Cys-14), not present in CzrA or NmtR (17) (see Fig. 1 ), plays some other role. These findings are fully compatible with characterization of mutant SmtBs in vivo (32) . The ␣3N metal site possesses a higher affinity for Zn(II) in the free protein at equilibrium; this is the Zn(II) complex characterized in previous EXAFS studies and reproduced here for comparison (ref. 16 ; Fig. 4) .
The protein determinants of metal ion specificity are not currently well defined. An attractive hypothesis is that proteins simply follow the trends predicted by traditional inorganic chemistry. Unfortunately, those trends have not provided a complete explanation for why certain metal ions are preferred by certain proteins. Sometimes the metal ion that binds with the highest affinity to the protein is not the metal ion that provides in vivo functionality, complicating the study of metal ion specificity (15) . Our results provide a basis for bridging the gap between inorganic and biological chemistry that can be applied to the understanding of nature's selection process.
SmtB and CzrA that favor Zn(II) coordination at the ␣5 site use carboxylate and imidazole ligands to bind harder Lewis acids, such as Co(II), Ni(II), and Zn(II). NmtR, which discriminates toward Ni(II) and Co(II), also uses imidazoles. CadC and ArsR possess ␣3N and ␣3 metal sites that have all-cysteinyl coordination spheres that prefer softer Lewis acids, such as Cd(II), Pb(II), and Bi(III) (11, 19, 20) . Interestingly, S. aureus pI258 CadC contains an intact ␣5 metal site that has been shown to bind Zn(II) and Co(II) directly; however, the binding of metal here is not regulatory for DNA binding in vitro (11) or in vivo (33) . Here, we provide spectroscopic evidence for the coordination environment of the metalloregulatory sites of S. aureus CzrA and M. tuberculosis NmtR in an attempt to determine how these proteins functionally discriminate between different transition metals. The spectroscopic properties of both CzrA and NmtR lend support to the model in which ligands located in the ␣5 site of the proteins contribute to binding Co(II), Ni(II), or Zn(II) (Fig. 1) . The optical absorption spectra of Co(II)-substituted CzrA are consistent with a tetrahedral coordination model that utilizes three histidines and one carboxylate-containing residue to ligate the metal ion. Preliminary Co(II) XAS data support this coordination. XAS data for Zn(II) CzrA and Zn(II) NmtR also indicate a coordination model in which three histidines and one carboxylate residue donate ligands to the Zn(II) ion. By contrast, XAS data for Ni(II) NmtR and Ni(II) CzrA indicate a six-coordinate environment containing at least three histidine ligands and three other oxygen or nitrogen-containing ligands.
CzrA is selective for Co(II)͞Zn(II), discriminating between Ni(II) and Co(II)͞Zn(II) by creating a coordination environment in which the Ni(II) forms an octahedral complex, whereas Co(II)͞Zn(II) binding is clearly tetrahedral. The XAS data are fully compatible with the ␣5 site schematized in the sequence alignment ( Fig. 1) , with Asp-84, His-86, His-97, and His-100 providing ligands to the metal. It seems likely that each pair of ligands (Asp-84͞His-86 and His-97͞His-100) is drawn from opposite monomers of the homodimer. This would create two identical C 2 -symmetric metal sites that straddle the ␣5 helices of each monomer, as originally hypothesized from the crystal structure of apo-SmtB (34) . Recent crystallographic studies of the Zn 2 CzrA homodimer are consistent with this hypothesis (M.A.P., C. Eicken, J. Sacchettini, and D.P.G., unpublished results). The DNA-binding data (Fig. 2) indicate that a tetrahedral coordination environment is required to effect negative allosteric regulation in vivo and in vitro. Thus, CzrA appears to discriminate between Co(II)͞Zn(II) and Ni(II) strictly on the basis of the coordination geometry of the metal complex. How this complex expands to increase its coordination number in the Ni(II) complex is not known but presumably reflects the addition of solvent molecules. The binding of Ni(II) to the zinc sensor SmtB at low Ni(II):monomer stoichiometries can also be described by a similar mechanism (16) . It has already been shown that Ni(II) binds weakly to both SmtB [Ϸ10 4 weaker than Co(II)] (16) and CzrA (M.A.P. and D.G., unpublished results).
Conversely, NmtR appears to use an octahedral coordination environment to negatively regulate DNA binding with Co(II)͞ Ni(II) vs. Zn(II), despite the fact that Zn(II) and Ni(II) bind with comparable affinities to the protein (15) . The distinguishing feature of NmtR relative to CzrA is the presence of a short Cterminal extension, which contains up to three additional potential hard Lewis base donors beyond the four ligands conserved between CzrA and NmtR (Asp-91, His-93, His-104, and His-107 in NmtR), including His-109, Asp-114, and His-116 (Fig. 1) . Functional studies with substitution mutants reveal that His-109 and -116, as well as the four ligands in common with CzrA, are absolutely essential to effect Ni(II)-mediated derepression in vivo (15) . This suggests a model in which Ni(II) and Co(II) are uniquely capable of recruiting one or two of these His residues into the coordination shell to create the six-coordinate species compatible with the optical absorption [ Fig. 3 (15) ] and XAS experiments presented here (Fig. 4) . On the other hand, the Ni EXAFS FT peaks at 3 and 4 Å for NmtR and CzrA are very similar (Fig. 4) , suggesting a similar histidine ligand count, although the precision of this determination can be affected by imidazole geometry or disorder (35) .
NmtR requires hexacoordinate metal binding [as observed for Ni(II) and Co(II)] to affect allosteric derepression of transcription, whereas CzrA requires tetrahedral metal binding [as observed for Co(II) and Zn(II)] to achieve the same biological function. Thus Zn(II) NmtR adopts a less effective (tetrahedral) coordination, whereas Ni(II) CzrA is hexacoordinate and similarly ineffective. Nature has adapted the allosteric coupling of metal coordination (in the ␣5 helices) to DNA binding [to the ␣3-turn-␣R region (6); Fig. 1 ] to take advantage of inorganic coordination preferences. The exact mechanism of this allosteric coupling and how the coupling must differ for CzrA and NmtR are still under investigation. However, the evidence presented here indicates that metal coordination number and geometry play a dominant role in determining which metal ions negatively allosterically regulate O͞P binding in vitro.
